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SUMMARY

1. Patterns in abundance and distribution of larval fish in a heavily regulated and a mildly

regulated Australian lowland river were compared over four breeding seasons to gain

some insight into how river regulation affects fish populations.

2. Larvae from a total of 13 species from nine families were recorded from the two rivers.

The mildly regulated Broken River supported twice as many species as the heavily

regulated Campaspe River. The two rivers shared three introduced species but only two

native species. The dominant species in the Campaspe was not found in the Broken River.

3. The two most abundant species in the Campaspe were classified as ‘opportunists’. They

are small, short-lived species, which spawn for up to 9 months, encompassing extremes in

temperature and flow. The extended spawning period may place a subset of larvae in

optimal conditions for recruitment and is hypothesised as being the key to the success of

these species.

4. Most species spawned each year, despite large interannual variation in flow and

temperature conditions. Poor recruitment over several decades, rather than a failure to

spawn, is considered the most likely explanation for differences in the larval fish faunas

between the two rivers.

5. The highly regulated section of the Campaspe River downstream of the regulating

impoundment is thought to provide suboptimal habitat conditions for larvae relative to the

less regulated downstream sections.

6. The timing of occurrence of larvae of the dominant species varied by breeding season

and may be the result of flexibility in the timing of spawning.
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Introduction

For much of their lives, riverine fish must cope with

the unrelenting vagaries of river flow and associated

physical and chemical variables. Whether it is adults

moving into floodplain forests to feed on fruits and

seeds (Goulding, 1980), juveniles risking being stran-

ded on gravel bars (Bradford, 1997), or eggs and

larvae drifting downstream in the current (Brown &

Armstrong, 1985), flow plays a profound role in the

lives of riverine fishes. There is little doubt that the all-

pervading nature of river flow has had a major

influence on the evolution of life history strategies of

riverine fishes (Winemiller, 1989). Indeed, it is the

degree of variability in the flow regime, at various

temporal and spatial scales, that is probably the

driving force behind the reproductive strategies of

riverine fish, such as whether they exhibit parental

care (Crawford & Balon, 1996) and when and for how
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long they spawn (Winemiller, 1989; Humphries, King

& Koehn, 1999).

In many riverine fishes, specific flow events may

play a role in the triggering of reproduction (Bone,

Marshall & Blaxter, 1995). For example, the onset of

highly predictable and extended annual floods in

tropical rivers may initiate spawning (Welcomme,

1985). In other, mostly temperate systems, rapid, but

short-lived rises in base flows may initiate spawning

(Nesler, Muth & Wasowicz, 1988; Cambray, 1991;

Cambray, King & Bruwer, 1997; King, Cambray &

Impsom, 1998). In southern Australia, on the other

hand, spawning for some species may be associated

with the warm, base flow conditions prevalent during

late spring and summer (Humphries et al., 1999). In

each of these cases, optimisation of conditions for the

survival and development of eggs and larvae has

most likely been a major factor selecting for the timing

of spawning.

This intimate link with the flow environment makes

riverine fish especially vulnerable to any change in the

nature of the flow regime. River regulation can alter

the magnitude, timing, duration and the variability of

flow events (Ward & Stanford, 1979; Petts, 1984;

Richter et al., 1996). It may also alter water tempera-

ture as a result of hypolimnetic releases from dams

(Ward & Stanford, 1979; Petts, 1984; Walker, 1986),

provide barriers which prevent longitudinal or lateral

movement of riverine biota (Harris, 1984; Petts, 1984)

and change the way particulate matter and biota are

transported downstream (Ward & Stanford, 1979;

Webster, Benfield & Cairns, 1979; Kondratieff &

Simmons, 1984; Petts, 1984; Puig et al., 1987). If

reproduction in riverine fish is linked to specific flow

events, then disruption to flow may remove cues for

maturation or subsequent spawning (see Jobling,

1995). Alternatively, initiating maturation and spawn-

ing in riverine fish may be more reliant on endo-

genous rhythms, rather than ambient conditions

(Bone et al., 1995; Jobling, 1995). In this case river

regulation may not prevent fish from spawning, but

may affect subsequent recruitment (Merigoux &

Ponton, 1999; Humphries & Lake, 2000).

Mortality during the early stages of life will to a

large degree determine the strength of the next

generation of fishes (Trippel & Chambers, 1997).

These prerecruits are more susceptible than adults to

both natural and anthropogenic disturbance (Harvey,

1987; Scheidegger & Bain, 1995; Merigoux & Ponton,

1999). Furthermore, there is evidence that quantifiable

relationships exist between hydrology and density of

young fish, most likely because of their specific

habitat requirements (Scheidegger & Bain, 1995;

Merigoux & Ponton, 1999). Thus, the early life stages

of fish are considered to provide a sensitive tool

for monitoring the effects of flow regulation (e.g.

Cowx & Gould, 1989; Scheidegger & Bain, 1995;

Merigoux & Ponton, 1999; Humphries & Lake, 2000;

Marchetti & Moyle, 2000) and are also likely to

provide an insight into the causal mechanisms under-

lying the effects of river regulation on fish assem-

blages (Cambray et al., 1997; Converse, Hawkin &

Valdez, 1998; King et al., 1998; Marchetti & Moyle,

2000). However, we are not aware of any studies that

have followed the spawning of riverine fish, through

the presence of larvae, over more than one or two

seasons. As a result, work to date has only allowed

limited conclusions to be reached in regard to how

fish respond to either natural or artificial variation in

river flow over longer periods.

The Murray–Darling Basin covers approximately

one-seventh of the continent of Australia, but sup-

ports a remarkably small group of native fishes: only

in the order of 26 entirely freshwater species. This

apparently depauperate fauna is probably a function

of Australia’s long isolation from the rest of the world,

the extreme climatic variability within the basin and

low average annual discharge (Puckridge et al., 1998).

This high degree of climatic variability, and therefore

flow variability, has been the motivation to regulate

most moderate to large streams in the Murray–

Darling Basin to supply water for irrigation, stock

and town water supply and for hydroelectricity

generation (Walker, 1992). This flow regulation has,

along with many other factors, been implicated in the

decline in the abundance and distribution of native

fishes and in the rise of introduced species, such as

common carp, Cyprinus carpio L., which now domin-

ates in many regions of the Basin (Cadwallader, 1990).

Whilst considerable effort has been expended docu-

menting the changes in fish assemblages in the

Murray–Darling Basin (see Harris & Gehrke, 1997),

researchers are for the most part ignorant of the causal

link between river regulation and degraded fish

populations.

This study sets out to describe, for the first time, the

larval fish faunas of lowland rivers in Australia and to

compare the abundance and composition of fish
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larvae of a highly regulated river with a mildly

regulated river. Our predictions are: that there will be

a greater number of species present in the less

regulated river than the more regulated river and

that those species with opportunistic life history

strategies (sensu Winemiller, 1989) will dominate in

the latter. Secondly, we aim to determine whether the

degree of regulation in the highly regulated river has

an influence on species composition and abundance of

larvae. We predict that there will be a greater number

of species in the less regulated sections of this river

and that the composition and abundance will vary

with section. Finally, we discuss the role that fish

larvae can play in elucidating the effects of river

regulation in lowland rivers and the implications for

management.

Methods

Study area and hydrology

The highly regulated Campaspe River, northern

Victoria, is located in the southern Murray–Darling

Basin and is a tributary of the Murray River (Fig. 1).

Since the early 1960s, approximately 50% of the

mean annual discharge of about 200 000 ML has

been stored in Lake Eppalock and later diverted,

mostly for irrigation downstream (Fig. 2). The river

downstream of Lake Eppalock can be divided into

three sections, based on hydrology and the presence

of weirs: Lake Eppalock to Campaspe Weir, hereafter

‘upper’ section; Campaspe Weir to Campaspe

Siphon, hereafter ‘middle’ section; and Campaspe

Siphon to the confluence with the Murray River at

the township of Echuca, hereafter ‘lower’ section

(Fig. 1). The entire river downstream of Lake Eppa-

lock experiences reduced duration of high winter

flows as a result of the capture of water for later

release. The upper and middle sections of the river

experience approximately 6 and 2 months of

enhanced summer irrigation flows, respectively,

whereas the lower section has only marginally

enhanced flows at this time (Fig. 2). Lake Eppalock

fills and spills approximately every 2 years and thus

high flows still pass down the entire length of the

river on a regular basis.

Fig. 1 Map of the Murray–Darling Basin showing the Campaspe and Broken rivers.
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Long (up to 1 km), deep (up to 8 m) and still or very

slow flowing natural pools are a common feature of

the upper section of the Campaspe River and are

separated by relatively shallow (0.3–1.5 m), still to

moderate velocity (0–0.5 m s–1) run habitats. The

middle and lower sections of the river have no large

natural pools and consist mostly of run habitat,

characterised by alternating shallow (< 1 m) and deep

(1–3 m) regions. The river immediately downstream

of Lake Eppalock is relatively constrained, with high

banks and few anastomising channels or billabongs

(oxbow lakes). As it progresses downstream, the river

becomes less constrained, in places has multiple

channels and is more likely to break its banks and

move out on to the floodplain. The dominant instream

structure is coarse woody debris (or ‘snags’) mainly

from riparian river redgums, Eucalyptus camaldulensis

(Dehnhardt) and stands of aquatic macrophytes,

comprising mostly common reed, Phragmites australis

(Cav.). Records indicate that the Campaspe River once

supported approximately 20 species (Humphries &

Lake, 2000), including Murray cod, Maccullochella

peelii peelii (Mitchell), silver perch, Bidyanus bidyanus

(Mitchell), freshwater catfish, Tandanus tandanus

(Mitchell), and golden perch, Macquaria ambigua

(Richardson), and was known to be one of the best

rivers for Macquarie perch, Macquaria australasica

Cuvier, in the state of Victoria (Anonymous, 1973).

Recent evidence (Humphries & Lake, 2000), however,

suggests that the fish fauna is highly degraded, and

dominated by the introduced species common carp

and European perch, Perca fluviatilis L. Periodic

stockings of Murray cod and golden perch, probably

help to sustain populations of these two species

(Department of Natural Resources and Environment,

unpublished data), but there is now no sign of the

once abundant Macquarie perch.

The Broken River is a tributary of the Goulburn

River, which itself is a tributary of the Murray River

(Fig. 1). It is less regulated than the Campaspe River,

with only about 10% of its mean annual discharge of

200 000 ML diverted for offstream use. The

impoundments, Lakes Nillahcootie (built 1967) and

Mokoan (built 1971), are the primary regulating

bodies. Some releases occur during summer from

these impoundments, but the volumes of releases are

proportionally much less than those occurring in the

Campaspe River and the effects extend for almost

the entire length of river under investigation during

the present study (Smith & Humphries, 1997). Two

weirs (Casey and Gowangardie Weirs) downstream

of the major impoundments, whilst creating pools

upstream and preventing upstream fish movement

except under high flow conditions, have little effect

on the hydrology of the river. The Broken River has

no large natural pools, comparable with those in the

upper Campaspe, however, the run habitat is similar

to the Campaspe, comprising alternating shallow

(< 1 m) and deep (1–3 m) areas with still to moderate

velocities (0–0.5 m s–1). Instream structure similarly

comprises snags derived from riparian river redgums

and aquatic macrophytes, dominated by common

reed.

Historically, the same species of fish would likely

have occurred naturally in both the Campaspe and

Broken rivers (Humphries & Lake, 2000). Whilst there

were undoubtedly differences in relative composition,

records indicate that the two rivers shared most

species and, where uncertainties exist regarding the

occurrence of some species in either river, distribu-

tions of these mostly small species included both

rivers and so absences in records are most likely

because of the lack of intensive sampling. There is

Fig. 2 Median mean monthly discharge (a) preregulation (1885–

1908) (dotted line) and postregulation (1977–94) (solid line) of

the lower Campaspe River which receives little irrigation

releases and (b) postregulation (1977–94) in the upper Campaspe

River which receives the bulk of the irrigation releases (prere-

gulation in the upper section mirrored that of the lower section).
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little doubt that the fish fauna of the Broken River also

has suffered as a result of a variety of anthropogenic

disturbances, however, nowadays there are still

approximately 12 species extant in the Broken River,

with several large and small native species present in

significant numbers (Humphries & Lake, 2000). Stock-

ing of Murray cod and golden perch also occur in this

river annually.

Hydrological data were obtained from Goulburn–

Murray Water through gauging stations operated by

Thiess Environmental Services. Gauging stations are

located at Lake Eppalock, Campaspe Weir and

Campaspe Siphon on the Campaspe River (thus

providing flow records for each of the three sections

of the river) and at Benalla and Casey Weir on the

Broken River (only providing flow records for the

upper section and the combined middle and lower

sections) (Fig. 1).

Collection and processing of larvae

Fish larvae were collected from the Campaspe and

Broken rivers monthly between October 1995 and

April 1999, except in the months of May and July of

each year, because there has never been any records of

fish breeding during winter (June was sampled each

year to confirm that this was indeed the case) (Koehn

& O’Connor, 1990). Two randomly chosen run reaches

were sampled from each of the Upper, Middle and

Lower sections of the Campaspe River and, in

addition, two randomly chosen pool reaches were

sampled from only the Upper section of the Campa-

spe River on each visit (large natural pools were not

present in the Middle and Lower sections). Because

the discharge in the region of the Broken River under

investigation is relatively homogeneous (see above),

replication of sampling reaches within each section of

river was not carried out. Instead, four randomly

chosen run reaches were sampled from the Broken

River on each visit. Thus, for each river, sampling sites

varied through time. The Broken River does not

contain comparable natural pools with those in the

Campaspe River, however, for comparative purposes,

the fish larvae from two Broken River weir pools were

sampled.

A pilot study was conducted between October 1995

and June 1996 to determine which methods were most

appropriate for collecting fish larvae in Australian

lowland rivers. As a consequence, drift nets and light

traps were used in runs and plankton tow nets and

light traps were used in pools and are presented in the

results of this paper. Whilst seine netting proved

relatively ineffective in collecting fish larvae of any

species, it was continued for the duration of this

study, and data from this method has been included

in estimates of duration of occurrence of larvae only.

Drift nets constructed from 500 lm mesh, were

1.5 m long, had a 0.5-m diameter mouth and tapered

to a 90-mm diameter cod end, to which a reducing

bottle was fitted. A drift net was set wherever possible

in each run reach where natural obstructions fun-

nelled the majority of flow. Nets were attached either

to an immovable piece of natural wood or a metal

stake, so that the top of the mouth of the net was just

above the surface of the water. One drift net was

deployed in each run reach on each sampling occa-

sion, just before dark and retrieved the following

morning (10–12 h), similar to Robinson, Clarkson &

Forrest (1998). The volume of water filtered was

determined from a General Oceanics flow meter

placed in the lower third of the mouth of the net.

Tow nets were of the same construction as the drift

nets, but were deployed from the side of a small boat,

fitted with a 4-hp outboard motor. Three 5 min trawls

were carried out in each pool reach after dark, with

the top of the net just above the water surface, as the

presence of large numbers of snags made oblique

tows impossible. The volume of water filtered was

determined using a General Oceanics flow meter as

for drift nets.

Light traps were used to collect fish from run and

pool habitats, mainly because they are able to sample

structurally dense habitats, which are difficult to

sample with active methods, such as seines (Dewey

& Jennings, 1992; Scheidegger & Bain, 1995) or elec-

trofishers (Copp, 1990, 1991; Copp & Garner, 1995) and

because they can be deployed in water ranging from

very shallow to very deep. It is, however, difficult to

quantify a sample as number of fish per unit area,

because trap efficiency will be influenced by a range of

variables, including turbidity. Nevertheless, patterns

in abundance of larvae in light trap samples were

comparable with those from tow samples in pools

(Pearson’s correlation: n ¼ 47, r ¼ 0.59, P < 0.01) and

are thus considered to adequately represent changes in

abundance in this and run habitats.

Modified quatrefoil light traps (Floyd, Hoyt &

Timbrook, 1984; Secor, Dean & Hausburger, 1992)
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were constructed from perspex and steel, with a

removable 200 lm mesh aluminium sieve attached to

the base so that fish larvae could be retrieved in a

manner similar to Ponton (1994). The entire light trap

was 300 mm deep and 220 mm square and the sieve

was 200 mm in diameter. Gaps of 5 mm were left

between each tube of the trap so that larvae could

enter, but which prevented larger fish from entering. A

perspex tube placed in the centre of the trap held a

yellow Cyalume� 12 h light stick (Omniglow Corpora-

tion, W. Springfield, MA, USA). This colour has been

shown to be superior in attracting the larvae and juve-

niles of some species of native Australian fish in turbid

water (Gehrke, 1994). Five light traps were set ran-

domly in still or slow-flowing locations in each run

and pool reach before dark and retrieved the next day.

All samples were preserved immediately in 95%

ethanol and later sorted using a dissecting micro-

scope. Identifications were made from published

descriptions of larvae (Lake, 1967b; Llewellyn, 1973;

Jackson, 1978; Gerlach, 1983; Crowley, Ivanstoff &

Allen, 1986; Puckridge & Walker, 1990; Reid &

Holdway, 1995), personal observations and collecting

successive larval stages. Most larvae could be identi-

fied to species. The exceptions were: galaxiids (Galax-

ias sp.), to which we were not able to confidently

allocate a definite species, however, from adult

collections, it is likely that only one species, mountain

galaxias (Galaxias olidus Günther), is extant in the

Broken River; and species of carp gudgeon (Hypseleo-

tris spp.), the taxonomy of which is uncertain and is

complicated by the presence of hybrids (Bertozzi,

Adams & Walker, 2000). We have assumed, for the

purposes of this study, that the described and undes-

cribed species of carp gudgeons denoted by Larson &

Hoese (1996) are distinct species (although at least one

may be a distinct species and the others hybrids) and,

because we could not distinguish among the larvae of

the three species, extrapolated from the species

collected as juveniles and adults in each river

(Humphries, unpublished data) to the larvae. Exam-

ination of a number of samples of carp gudgeon

larvae by a larval taxonomist unfamiliar with the

group and ignorant of how many species were

potentially present, suggested that our estimates of

the number of species in each river were accurate

(Miscowicz, personal communication). Nevertheless,

our estimates of the number of species are necessarily

speculative and for descriptions of composition, we

treat carp gudgeons as a species complex. The

transition from larva to juvenile was delineated by

the acquisition of the adult complement of segmented

rays on all fins and the loss of the pre-anal fin fold

(except in the case of Australian smelt, which retains

the pre-anal fin fold well into adulthood; in this case

the transition to juvenile was defined as the attain-

ment of the full complement of segmented rays of all

fins).

Duplicate measurements of temperature, dissolved

oxygen, turbidity, conductivity and pH were taken

at each reach on each sampling occasion using a

Horiba� Water Checker U-10 (Horiba Ltd, Kyoto,

Japan). Only those variables which showed consis-

tent patterns either among months, breeding seasons

(see below) or sections of river were graphed. Where

there were no consistent patterns, means and ranges

of values have been presented for the three sections

of the Campaspe River and for the two regions

(upper section and combined middle and lower

sections) of the Broken River for which hydrological

measurements are taken.

Data analysis

Fish larvae samples were grouped by breeding ‘sea-

sons’ which began in winter (June) of one calendar

year and finished in autumn (April) of the following

calendar year.

Because light traps were set overnight, data were

treated as numbers of fish per trap. Drift data and tow

data were adjusted to a standard volume of filtered

water, i.e. average volume filtered in drift samples was

1344 m3 so we adjusted numerical data to numbers of

larvae per 1000 m3 and average volume filtered in tow

samples was 27 m3 so in this case we adjusted to

numbers of larvae per 25 m3. Percentage composition

of larvae was calculated from adjusted values.

Data for larvae of each species were pooled for all

river sections, reaches, habitats and methods to

describe the occurrence and duration of larvae in

each river. Contribution by species from different life

history modes were determined from definitions in

Humphries et al. (1999). Briefly, Mode 1 fishes are

direct developers (sensu Balon, 1984) because they

develop directly from free embryos to juveniles, are

large as adults and have a single, short spawning

period; Mode 2 fishes are large as adults, have a

variable spawning period which can possibly be
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delayed and are indirect developers; Mode 3a fishes

are small, have a protracted spawning period and are

indirect developers; and Mode 3b fishes are small,

have a short spawning period and are indirect

developers.

Temporal and spatial patterns in larval abundance

in the Campaspe River were analysed by three-way

ANOVAANOVAs on: (a) total abundance of larvae, (b)

abundance of Australian smelt, (c) abundance of

flathead gudgeon and (d) number of species collected

in runs in light traps, with ‘Month’, ‘Season’ (breed-

ing season) and ‘Section’ of river as fixed factors.

Data from light traps in run habitats were used

because they could be compared among all sections

of river (pool habitats only occurring in the upper

section) and were considered more representative of

the fauna as a whole than were drift samples. The

1995–96 season was excluded from analyses because

of the fact that sampling commenced in October 1995;

potentially a month or two after larvae first appeared

in the river. In all cases, except number of species,

data were non-normal and were log10(x + 1) trans-

formed. This did not entirely solve the normality

problem and this is taken into consideration when

interpreting results. Post-hoc Tukey’s tests were car-

ried out to investigate differences among ‘Seasons’

and ‘Sections’ where significant ANOVAs were

encountered.

Because ANOVAs of absolute abundance were not

particularly informative in describing differences in

the timing of larval abundance within and among

breeding seasons and among sections, this was

investigated through grouping larvae into those pre-

sent in or prior to December (usually the time of peak

abundance of larvae) and those present after Decem-

ber. (a) Total abundance of larvae, (b) abundance of

Australian smelt and (c) abundance of flathead gud-

geon present in each of the ‘early’ and ‘late’ groups

were calculated as proportions of the total abundance

of all larvae of the same taxonomic grouping collected

in that breeding season. Two-way ANOVAs were

performed on arcsine transformed proportion data

with ‘Season’ (breeding season) and ‘Section’ of river

as fixed factors. Post-hoc Tukey’s tests were carried out

to investigate differences among ‘Seasons’ and ‘Sec-

tions’.

All data were analysed using the General Linear

Models program of SYSTAT
�.

Results

Hydrology

Mean monthly discharge in the Campaspe and

Broken rivers followed similar trends over the 4-year

study (Fig. 3). Discharge was close to the long-term

average during the 1995–96 season (June 1995–April

1996) in both rivers, with high, but not bank-full, river

levels occurring for several months during spring.

Discharge in the 1996–97 season was greater than in

the previous one, and in both rivers minor flooding

occurred on several occasions during August and

October. Billabongs and anabranch channels filled

and remained inundated for several months, whilst

flooding of the floodplain proper occurred for several

consecutive days in August and October. Discharge

during the winters and spring of the next two seasons

1997–98 and 1998–99, was extremely low, except for

small, rises of short duration in the late winter/early

spring of 1998 in the Broken River.

The major differences between discharge in the

Campaspe and Broken rivers were the occurrence of

substantial irrigation releases during the spring and

summer months in the upper and middle sections of

the former (Fig. 3). Between 400 and 800 ML day–1

was released from Lake Eppalock on the Campaspe

River between May and October of each year, whereas,

only minor releases (generally less than 100 ML day–1)

were made from impoundments in the Broken River

during the same period. There were also clear differ-

ences in discharge among sections of the Campaspe.

The upper section of the river received irrigation

releases for approximately 6 months of the year (300–

800 ML day–1), with these increasing in the last

2 months to supply the middle section of the river.

Irrigation releases passing down the middle section

were less than the upper section each year (approxi-

mately 200 ML day–1), but were greater than that

which would have naturally occurred preregulation.

Whilst discharge levels in the lower section of the river

were enhanced through releases, they were typically

between 40 and 70 ML day–1 and this water rarely

made it down to the confluence with the Murray River.

Environmental variables

Water temperatures in the Campaspe and Broken

rivers peaked in January or February and were lowest
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in June (no samples were taken in May or July) of each

year (Fig. 4). Temperatures were approximately

4–5 �C warmer in mid-summer in the Broken than

they were in the Campaspe in most years (paired

t-test for December–February for all 4 years, n ¼ 12,

t ¼ 4.96, P < 0.001), whereas mid-winter temperatures

were similar (paired t-test for June and August, n ¼ 6,

t ¼ 1.09, P > 0.05). Summer water temperatures were

generally cooler in the 1997–98 and 1998–99 seasons

than in the preceding seasons, whereas the lowest

temperatures in winter were consistent among years.

Water temperatures were significantly cooler in the

upper section of the Campaspe in the 1996–97

and 1997–98 seasons (paired t-tests for November–

February: for 1996–97, n ¼ 4, t ¼ 7.19, P < 0.01; for

1997–98, n ¼ 4, t ¼ 5.02, P < 0.05). This was not the

case for the other 2 years and one explanation for the

lack of difference in the 1998–99 season may be

because of the extremely low level of Lake Eppalock

(< 30% capacity) and the probable break down in

thermal stratification of this impoundment, which is a

feature of most reservoirs over summer.

The highest levels of conductivity in the Broken

approximated the lowest levels of conductivity in the

Campaspe (� 300 lS cm–1), whereas conductivity in

the Campaspe sometimes exceeded 2000 lS cm–1

(Fig. 4). Conductivity was consistently higher in the

lower section than in the upper section of the

Campaspe River and peaks in values generally coin-

cided with winter and early spring.

Overall, turbidity was lower in the Campaspe than

in the Broken (Table 1). Turbidity, pH and dissolved

oxygen showed no consistent differences among river

sections or through time in either river.

Species composition, occurrence
and duration of larvae

Six species of fish were caught as larvae in the

Campaspe River during the study; three were native

Fig. 3 Mean monthly discharge for the lower (solid line), middle (dashed line) and upper (dotted line) sections of the Campaspe

River and the combined middle and lower (solid line) and upper (dashed line) sections of the Broken River between June 1995 and

April 1999. Hatched bars indicate the irrigation release period.
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and three introduced (Table 2). In contrast, 12 species,

nine native and three introduced, were collected from

the Broken River. The three introduced species,

common carp, European perch and Gambusia holbrooki

(Girard) (hereafter referred to as Gambusia to avoid

using the common name mosquitofish), the native

Australian smelt, Retropinna semoni (Weber), and a

species of carp gudgeon, were common to both rivers,

however, the differences in the fauna between rivers

was more marked than the similarities. Notably,

whilst flathead gudgeon, Philypnodon grandiceps

(Krefft), was present in the Campaspe, it was never

collected from the Broken. On the other hand, seven

native species, most notably, Murray cod and crim-

son-spotted rainbowfish, Melanotaenia fluviatilis (Cas-

tlenau), were collected from the Broken but not from

the Campaspe. Only life history Modes 3a and 3b,

small native species both of which have extended

spawning periods, were represented in the Campaspe

River (although the inclusion of introduced species

adds life history Mode 2 to the fauna), whereas all

four life history modes were represented in Broken

River samples (Table 2).

In general, the same species occurred as larvae in

each of the four breeding seasons (Fig. 5). The

exception was golden perch, which occurred only in

the 1997–98 season in the Broken River. Larvae of

some species, such as flathead gudgeon, Galaxias sp.,

European perch or Australian smelt first occurred in

samples early in the season, usually September,

whereas others, notably carp gudgeons in the Cam-

paspe and rainbowfish in the Broken, were not

(b)

(a)

Fig. 4 Monthly (a) temperature and (b) conductivity for the, lower (solid line), middle (dashed line) and upper (dotted line) sections

of the Campaspe River and the combined middle and lower (solid line) and upper sections (dashed line) of the Broken River

between October 1995 and April 1999. See definitions of sections in text. Note different scales for conductivity.
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recorded in samples until much later in the season,

sometimes as late as January. Larvae of species such

as flathead gudgeon and Australian smelt were

collected up to 9 months, in some cases extending

from late winter to well into autumn. On the other

hand, several species, including European perch and

Murray cod were collected in only 1 or 2 months of

each season. Of the species common to both rivers, the

duration of occurrence of only Australian smelt

differed significantly between rivers (Campaspe

mean � 1 SE ¼ 7.0 � 0.41, Broken mean � 1

SE ¼ 5.8 � 0.25, paired t-test, n ¼ 4, t ¼ 5.00,

P < 0.05).

An average of 76.7 and 2.7 larvae were collected per

drift sample from run habitats in the Campaspe and

Broken rivers, respectively (Table 3). In each river a

total of five species was recorded in the drift, of which

only two were common to both rivers. Flathead

gudgeon dominated the drift fauna of the Campaspe

(96%), whereas Murray cod dominated that of the

Broken (80%). Whilst no other species contributed

more than 2% to the Campaspe fauna, significant

contributions were made by both Australian smelt

(8%) and common carp (10%) in the Broken River.

An average of 1.9 and 0.8 larvae were collected per

light trap sample in runs in the Campaspe and

Broken rivers, respectively (Table 3). Light trap

samples collected one more species in the Campaspe

and approximately three more species in the Broken

River than drift samples. Flathead gudgeon again

dominated the Campaspe fauna (56%), but contri-

buted much less to light trap than it did to drift

samples; the difference being made up by Australian

smelt (34%). In the Broken, the composition of light

Table 1 Mean � 1 SE (minimum – maximum) values for turbidity, pH and dissolved oxygen measured in the lower, middle

and upper sections of the Campaspe River and in the combined middle and lower and upper sections of the Broken River between

October 1995 and April 1999 (see Fig. 4 for temperature and conductivity data)

Campaspe Broken

Variable Lower Middle Upper Middle and lower Upper

Turbidity (NTU) 34.3 � 2.60 26.7 � 1.53 26.7 � 1.99 45.6 � 1.05 63.3 � 2.72

(10.0–158.5) (10.0–70.5) (3.0–144.0) (3.0–158.0) (13.5–198.0)

pH 7.7 � 0.06 7.6 � 0.06 7.6 � 0.04 7.6 � 0.02 7.5 � 0.04

(6.3–8.8) (5.7–8.4) (6.5–8.8) (5.7–8.8) (6.1–8.8)

Dissolved oxygen (mg L–1) 7.2 � 0.22 7.5 � 0.21 7.5 � 0.14 7.6 � 0.07 7.9 � 0.16

(3.4–9.9) (4.4–10.8) (3.9–10.6) (2.8–11.8) (3.2–11.8)

Table 2 Scientific and common names, native or introduced and life history modes of species collected as larvae in the Campaspe

and Broken rivers between October 1995 and April 1999. Life history modes are after Humphries et al. (1999) and their

associated characters are described in the text

N (native) or Life history

Scientific name Common name I (introduced) mode Campaspe Broken

Philypnodon grandiceps (Krefft) Flathead gudgeon N 3a + –

Hypseleotris spp. Carp gudgeons N 3b +* +†

Melanotaenia fluviatilis (Castlenau) Crimson spotted rainbowfish N 3b – +

Retropinna semoni (Weber) Australian smelt N 3a + +

Galaxias sp. Galaxiid N 3b – +

Macquaria ambigua (Richardson) Golden perch N 2 – +

Maccullochella peelii peelii (Mitchell) Murray cod N 1 – +

Gadopsis marmoratus (Richardson) River blackfish N 1 – +

Cyprinus carpio L. Common carp I 2 + +

Perca fluviatilis L. European perch I 2 + +

Gambusia holbrooki (Girard) Gambusia I 3b + +

+, Recorded; –, not recorded.

*Probably one species.

†Complex of three species or hybrids (see text in Methods).
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trap samples was very different to that of drift

samples, with Murray cod contributing little (2%),

and Australian smelt predominating (51%). Carp

gudgeons, common carp and Galaxias sp. also con-

tributed significantly to run light trap samples in the

Broken.

Tow samples from pool habitats collected similar

numbers of larvae per sample in the Campaspe (9.2)

and Broken (7.7) rivers, although twice as many

species were recorded in the Broken (8) than in the

Campaspe (4) (Table 3). As was the case for runs in

the Campaspe, flathead gudgeon dominated the tow

samples (88%) and the only species to contribute

more than 5% was Australian smelt. Australian smelt

contributed the most to tow samples in the Broken

River (83%), and, whilst considerable numbers of

other species occurred in tow samples, except for carp

gudgeons (12%) and common carp (4%), all contri-

buted less than 1%.

Approximately twice as many larvae per light trap

sample occurred in pools from the Campaspe (6.5)

than from the Broken (3.3) (Table 3). Very similar

suites of species were recorded from tow and

light trap samples in the pool habitats of each river.

There was a more even contribution of species in

light trap than tow samples in the Campaspe, with

similar percentages of Australian smelt, flathead

gudgeon and European perch collected during

the study. Light trap samples from the Broken

River, on the other hand, mirrored the results

obtained for tows.

Comparisons of the overall composition of larvae

between run and pool habitats using the light trap

method indicated that European perch were more

prevalent in pool samples than run samples in the

Campaspe River and common carp and Galaxias sp.

were more prevalent in run habitats than pool

samples in the Broken River (Table 3).

Temporal variation in species composition

Despite the fact that the total number of larvae

collected from one breeding season to the next

differed sometimes by two orders of magnitude (e.g.

drift samples), samples from the Campaspe River

were always dominated by flathead gudgeon and

Fig. 5 Duration of occurrence of the larvae of species for fishes recorded from the Campaspe and Broken rivers between October

1995 and April 1999 derived from run and pool habitats and all sampling methods. Sp ¼ spring, Su ¼ summer, Au ¼ autumn,

Wi ¼ winter.
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those from the Broken River were always dominated

by Murray cod (Fig. 6a). Only in the 1996–97 season in

the Campaspe River did the abundance of Australian

smelt and Gambusia approximate that of flathead

gudgeon.

The abundances of larvae collected in light traps

were more consistent among breeding seasons than

was shown for drift samples [coefficients of variation

(CV) were 0.15 and 0.60 for light trap samples and 1.11

and 1.36 for drift samples, for the Campaspe and

Broken, respectively] (Fig. 6b). Flathead gudgeon

ranked first and Australian smelt second in all years

except 1998–99 in the Campaspe River. In contrast,

despite the significant contribution by Australian

smelt in each season, the Broken River light trap

fauna was more variable: substantial contributions

were made by carp gudgeons in 1997–98, by Murray

cod in 1996–97, Galaxias sp. in 1996–97 and 1997–98

and by common carp in 1995–96.

Variation in total abundances of larvae among

breeding seasons in tow and light trap samples from

pools was much less than was shown by drift samples

in runs (CVs ¼ 0.42–0.55, cf. above) (Fig. 7a). Domin-

ance of tow samples by flathead gudgeon was remark-

ably consistent among seasons in the Campaspe River

(range ¼ 81.8–92.9%, CV ¼ 0.07). In contrast, the

contribution of Australian smelt to tow samples in

the Broken River was more variable (CV ¼ 0.18),

decreasing throughout the study. The contribution

by carp gudgeons, in contrast, increased over time.

Flathead gudgeon only dominated in light trap

samples in Campaspe pools in 1997–98, with Austra-

lian smelt and/or European perch contributing more

to samples in each of the other breeding seasons

(Fig. 7b). In contrast, Australian smelt consistently

dominated samples from pool light traps in the

Broken River. Of note was the gradual increase in

contribution by carp gudgeons to light trap samples in

pools in the Broken River.

Spatial and temporal patterns in occurrence,

composition and abundance of larvae
in the Campaspe River

For each season, four species occurred in the upper

section, four or five species occurred in the middle

section and generally five or six species occurred in

the lower section of the Campaspe River (Fig. 8). Carp

gudgeons were never collected, and Gambusia were

collected only in April 1999, from the upper section,

whereas carp gudgeons were collected in three of the

four seasons and Gambusia in two of the four seasons

Fig. 6 Percentage composition by breeding season of larvae collected in (a) drift nets and (b) light traps from run habitats in the

Campaspe and Broken rivers between 1995–96 and 1998–99. Values on top of columns are total abundances of larvae/total number of

samples. Drift samples were adjusted to numbers of larvae per 1000 m3.
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in the lower section. In most cases, the month in

which larvae of flathead gudgeon was first recorded

was consistent among sections of river (October).

However, larvae of this species continued to be

collected in either the middle or lower sections for at

least one and sometimes 3 months after they ceased to

be collected in the upper section. Similarly, Australian

smelt larvae continued to occur in the lower section

for at least 1 month longer than in the upper section in

each year of the study.

The total number of larvae collected in both drift

and light trap samples was greatest in the lower

section, intermediate in the middle section and least in

the lower section of the Campaspe River (Fig. 9). The

greatest number of species in drift samples was

collected from the middle section, whereas a similar

number of species was collected in light traps from all

river sections; the only difference being the absence of

carp gudgeons in the upper section.

Flathead gudgeon contributed nearly 99% of the

total number of larvae in drift samples taken from the

upper and lower sections of the Campaspe (Fig. 9a).

In only the middle section of the river did other

species, such as European perch (5.3%) and Gambusia

(9.1%), contribute substantially to the larval fish

fauna. Whilst flathead gudgeon contributed the most

to light trap samples in all river sections, this species

made up a smaller percentage of larvae in the middle

and upper sections than in the lower section (Fig. 9b).

The reverse was the case for Australian smelt, which

contributed approximately 38 and 48% to larvae in

the upper and middle sections, respectively, but only

about 20% to larvae in the lower section. European

perch was proportionally most abundant in light traps

samples in the upper section of the river.

The abundance of larvae caught in light traps in run

habitats increased from early spring to a peak usually

in November, December or sometimes January, fol-

lowed by a decline through autumn (Fig. 10). The

greatest total abundance occurred in November 1995

in the middle section of the river at 21.1 larvae per light

trap, the greatest abundance of flathead gudgeon was

in January in 1996–97 in the lower section at 13.0 larvae

per trap (Fig. 11) and the greatest number of Austra-

lian smelt was caught in November 1997–98 in the

middle section at 12.1 larvae per light trap (Fig. 12).

The number of species and the abundance of total

larvae, flathead gudgeon larvae and Australian smelt

larvae varied significantly by month (P < 0.001,

Table 4). Understandably, the mean square for this

Fig. 7 Percentage composition by breeding season of larvae collected in (a) tow nets and (b) light traps from pool habitats in the

Campaspe and Broken rivers between 1995–96 and 1998–99. Values on top of columns are total abundances of larvae/total number of

samples. Tow samples were adjusted to numbers of larvae per 25 m3.
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factor (month) contributed the most to the variation

identified by the analysis. The abundance of total

larvae, flathead gudgeon larvae and Australian smelt

larvae also differed by section of river (P < 0.05), but

never by season. The month–season interaction term

for flathead gudgeon abundance was also marginally

significant (P < 0.05), indicating that monthly abun-

dance for this species varied depending on the

breeding season in which larvae were sampled.

Tukey’s post hoc comparisons showed that for total

abundance the differences were significant between

the lower and upper (P < 0.05) and the middle and

upper sections (P < 0.05) (Fig. 10); for flathead gud-

geon the only significant difference was between the

lower and upper sections (P < 0.05) (Fig. 11) and for

Australian smelt the only difference which was

significant was between the middle and upper section

of the river (P < 0.05) (Fig. 12).

The proportion of larvae occurring in light trap

samples in or before December gave an indication of

the temporal distribution of larvae in the Campaspe

River (Fig. 13). The proportion of total larvae and

flathead gudgeon larvae recorded in or before

December differed significantly only by season

(Table 5, Fig. 13). No significant effect was found for

Australian smelt for either season or section. A

significantly lower proportion of total larvae was

recorded in or before December in 1996–97 than in the

following two seasons (P < 0.01 and P < 0.05),

whereas for flathead gudgeon larvae, this was the

case only between 1996–97 and 1997–98 (P < 0.05).

Discussion

Composition of the larval fish faunas
of the Campaspe and Broken rivers

Of the 13 species of larvae from nine families recorded

from the Campaspe and Broken rivers during the

present study, 10 were native and three introduced.

Fig. 8 Duration of occurrence of the larvae of species recorded from the lower (L), middle (M) and upper (U) sections of the

Campaspe River between October 1995 and April 1999 derived from run and pool habitats and all sampling methods. See

definitions of sections in text. Sp ¼ spring, Su ¼ summer, Au ¼ autumn, Wi ¼ winter.
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Best represented were the gudgeons (Eleotridae), of

which there were four species in two genera, and the

native perches or cods (Percichthyidae), of which

there were two species from two genera. The intro-

duced species included common carp, European

perch and Gambusia, all of which are widespread

throughout mainland Australia and the world

(McDowall, 1996). Of the native fish, all four life cycle

modes described by Humphries et al. (1999) were

represented in collections from the Broken River, but

only fish in Modes 3a and 3b were collected from the

Campaspe River (see discussion below). There were

more Mode 3 species than any other category; these

species typically being small, relatively short-lived

fish with low fecundities.

Larvae of species collected from the Campaspe and

Broken rivers can be grouped into those found mostly

in pool habitats, those found mostly in run habitats

and those found in abundance in both habitats. For

example, European perch were found in run habitats

in only small numbers, but comprised 27% of larvae

in pools in the Campaspe. Similarly, carp gudgeons,

Fig. 9 Percentage composition of larvae collected in (a) drift nets

and (b) light traps from run habitats in the lower, middle and

upper sections of the Campaspe River between October 1995

and April 1999. Values on top of columns are total abundances

of larvae/total number of samples. Drift samples were adjusted

to numbers of larvae per 1000 m3.

Fig. 10 Mean (+1 SE) log10(x + 1)

abundance of total larvae collected in light

traps from the lower, middle and upper

sections of the Campaspe River in the

breeding seasons of 1995–96, 1996–97,

1997–98 and 1998–99.

Fig. 11 Mean (+1 SE) log10(x + 1) abun-

dance of flathead gudgeon larvae collec-

ted in light traps from the lower, middle

and upper sections of the Campaspe River

in the breeding seasons of 1995–96, 1996–

97, 1997–98 and 1998–99.
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whilst collected regularly from run habitats, were

more common in tow samples in pools. These results

are consistent with the fact that European perch is

common in lakes in its native regions (Migdalaski &

Fichter, 1989; Urho, 1996) and carp gudgeons are most

commonly found in billabongs, which are probably

their preferred habitat (Larson & Hoese, 1996). On the

other hand, Galaxias sp. and Murray cod were rarely

Fig. 12 Mean (+1 SE) log10(x + 1) abun-

dance of Australian smelt larvae collected

in light traps from the lower, middle and

upper sections of the Campaspe River in

the breeding seasons of 1995–96, 1996–97,

1997–98 and 1998–99.

Table 4 Mean squares and significance

levels for two-way A N O V As of number of

species and log10(x + 1) abundance of

total larvae, flathead gudgeons and

Australian smelt by Month, Season and

Section of river for light trap samples

collected in runs of the Campaspe River

between August 1996 and April 1999

Source d.f.

No. of

species

Total Flathead

gudgeon

Australian

smelt

Month 8 8.40** 1.01** 0.34** 0.46**

Season 2 0.51 0.01 0.02 0.02

Section 2 1.35 0.36* 0.18* 0.14*

Month · Season 16 0.97 0.14 0.10* 0.04

Month · Section 16 0.73 0.10 0.08 0.08

Season · Section 4 0.09 0.03 0.05 0.02

Season · Section · Month 32 0.30 0.06 0.07 0.03

Error 80 0.52 0.09 0.05 0.03

d.f. = Degrees of freedom, *P < 0.05, **P < 0.001.

Fig. 13 Mean (+1 SE) proportion of (a) total larvae, (b) flathead

gudgeon larvae and (c) Australian smelt larvae collected in

light traps in or before December as a function of the total

collected for each taxonomic group in each breeding season.

Table 5 Mean squares and significance levels for two-way

A N O V AA N O V As of arcsine proportion of total, flathead gudgeon and

Australia smelt larvae which were collected in or before

December by Season and Section of river for light trap samples

collected in runs of the Campaspe River between August 1996

and April 1999

Source d.f.

Total

larvae

Flathead

gudgeon Smelt

Season 2 0.93** 0.94* 0.52

Section 2 0.17 0.41 0.12

Season · Section 4 0.02 0.17 0.35

Error 9 0.10 0.12 0.21

d.f. = Degrees of freedom, *P < 0.05, **P < 0.01.
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collected from pool habitats, and both are generally

known as lotic species (Harris & Rowland, 1996;

McDowall & Fulton, 1996). Our assessment of the

habitat association of larvae was necessarily coarse,

but we are confident that it reflects adult spawning

location, because in each case it is also the normal

adult habitat of each species. We did not investigate

smaller-scale habitat of larvae.

Larvae from the present study can also be grouped

into: (i) obligate drifters, such as Murray cod, golden

perch and probably common carp; (ii) facultative

drifters, such as flathead gudgeon; and (iii) those that

never or rarely drift, such as crimson-spotted rain-

bowfish and mountain galaxias. The phenomenon of

drift in riverine fish larvae is well known throughout

the world (see Matthews, 1998), however, it has

received scant attention in Australian rivers (see

Humphries et al., 1999). Whilst there is little under-

standing of the reasons for larval drift (Brown &

Armstrong, 1985), drifting almost certainly serves as a

dispersal mechanism for the young stages of fish and

is undoubtedly the case for Murray cod, where males

guard the larvae in a ‘nest’, before the larvae move up

into the water column (Cadwallader & Gooley, 1985)

and then drift downstream before settling out into

juvenile habitats.

There were clear differences in composition

between samples collected in drift nets and those

collected in light traps in run habitats as well as

differences in composition between tow net and light

trap samples in pool habitats. There is no doubt

that many of these differences can be ascribed to

species behaviour, e.g. Murray cod larvae drift and

are therefore likely to be collected in drift nets,

whereas crimson-spotted rainbowfish do not, and so

are never found in drift nets. However, each method

has its own bias. This is a well known characteristic of

light traps, for example (Ponton, 1994), but even active

methods, such as tow nets will be biased towards

species and sizes which are poor swimmers and,

together with drift nets, are subject to clogging (Kelso

& Rutherford, 1996). One likely bias was the low

numbers of Gambusia larvae collected in light trap

samples, which does not reflect the numbers of adults

collected using the same method (Humphries, un-

published data). Despite the apparent biases of

sampling, there is little reason to suspect that the

biases were not consistent for the two rivers or among

river sections in the Campaspe and therefore it is

unlikely that any of the major patterns detected could

be ascribed to sampling bias.

Timing and duration of occurrence of fish larvae

The present study represents, to our knowledge, one

of the longest, continuous investigations of fish larvae

(and by implication, the spawning of fish), in medium

to large rivers throughout the world. As a result, it

allows us to examine a range of phenomena associ-

ated with spawning and larval occurrence, and the

ability to relate these to environmental conditions

observed over a more appropriate time scale than

many other studies. It thus gives us greater confidence

that the patterns observed are not transitory and

unrepresentative.

One of our most striking results, and one that adds

to work published previously (Humphries & Lake,

2000), was that most species of fish spawned each

year, despite large interannual variation in patterns of

flow and temperature. This consistency in spawning

was observed in both the highly regulated Campaspe

and the mildly regulated Broken River. Murray cod

was one of the most predictable spawners from the

Broken River; the larvae commencing to drift early in

November and usually only extending until mid-

December. Whilst there has been much speculation on

the cues for spawning of fish in general (see Jobling,

1995), increases in flow and flooding have for a long

time been thought to be responsible for initiating

spawning in Murray–Darling fishes (see Humphries

et al., 1999) and this idea has been one of the main

drivers behind much of the management of fish in the

past few decades. The results of the present study, as

well as recent speculation on the relationship between

river flow and the biology of Murray–Darling Basin

fishes (Humphries et al., 1999), seriously questions

this model. The predictability of timing and the

interannual consistency of spawning has led to the

suggestion that spawning, for many species, is instead

tied to highly predictable cycles such as photoperiod

or endogenous rhythms (Humphries & Lake, 2000).

Considering the variable flow patterns observed over

the 4 years of the current study, it is hard to conclude

otherwise.

Larvae were present throughout most of the year in

the Campaspe and Broken rivers, although their

occurrence in mid-winter was rare. The larvae of

some species were first collected in late winter when
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temperatures were as low as 12 �C and the rivers

flooding, whilst others were not recorded until the

onset of summer, when temperatures were around

23 �C and flows were typically at their lowest. The first

of the native fish to spawn were flathead gudgeon,

Australian smelt and Galaxias sp. Whilst the last

species only spawned for a relatively short period,

Australian smelt and flathead gudgeon larvae could be

present in the rivers for up to 9 months of the year,

encompassing floods and extreme low flows and

temperatures ranging almost 20 �C. These two species

fit criteria of life history Mode 3a of Humphries et al.

(1999), which includes small, short-lived fish that have

low fecundities and breed over extended periods and

fit Winemiller’s (1989) ‘opportunistic strategy’ defini-

tion, which is characterised by a short generation time,

low fecundity and little parental care. Although the

two species have the ability to spawn for an extended

period under a wide range of conditions, strong

recruitment is likely to be limited to a much shorter

time when conditions are optimal. The potential to

produce larvae over such a long time is probably one

of the keys to the success of these species in the

Campaspe River and other heavily regulated rivers.

Comparisons between fish larvae in the Campaspe

and Broken rivers

The Campaspe and Broken rivers share similar geo-

morphology, availability and abundance of habitat,

water quality, presence of several weirs and are

located in adjacent catchments. Historical records

indicate that the rivers once shared most of about 20

native fish species (Humphries & Lake, 2000) and the

majority of these would probably have lived and

spawned in their natal river. The results from our

sampling of fish larvae over 4 years showed that,

whilst the two rivers shared all three introduced

species, common carp, European perch and Gambusia,

they shared only two native species, Australian smelt

and one species of carp gudgeon. Perhaps the most

notable difference between the rivers was that the

species that dominated in virtually all sampling

methods, sections of river and seasons in the Campa-

spe River, flathead gudgeon, was never collected from

the Broken River. The reason for this is not clear and is

perplexing.

There were also twice as many species recorded

from the Broken than the Campaspe. Species occur-

ring in the former but not the latter included large

species, such as Murray cod, golden perch and river

blackfish and several small native species such as

crimson-spotted rainbowfish, a galaxiid and two

species of carp gudgeon. Whereas juvenile and adult

golden perch are present in the Broken and Campaspe

rivers, presumably as a result of annual stockings

(Humphries & Lake, 2000), their larvae were collected

only rarely in the former river and never in the latter.

This suggests that, despite sizeable adult populations

(and unlike most other species in the Broken River),

spawning in both rivers is not an annual occurrence.

The absence of Murray cod larvae from the Campaspe

River similarly suggests that this species, which is also

stocked, is either not spawning or that our sampling

was unable to detect them. As outlined above, our

results from the Broken River suggest that Murray

cod will spawn irrespective of flow conditions and are

probably cued to temperature (Humphries, unpub-

lished data). If this assumption is valid, the absence of

evidence for spawning of Murray cod in the Campa-

spe River, is most likely to be related to the very low

numbers of adults present in the river (estimated as

approximately 1 fish per 1000 m of river; Humphries,

unpublished data), which would make finding a

breeding partner extremely difficult.

The Broken is a tributary of the Goulburn River,

which itself enters the Murray River within 20 km of

the Campaspe River. Thus, the source of fish poten-

tially available from the Murray River should be similar

for both the Campaspe and Broken (Humphries &

Lake, 2000). However, each of these rivers contains

several small and two large weirs that would prevent

movement upstream at times and thus potentially limit

the species of fish which could now colonise either

system. In the case of the large weirs, movement would

be prevented under all but high flow conditions. In

addition to the potential problem of weirs preventing

upstream (and downstream) movement, deposition of

sand into the main river channels as a result of land

clearing over the past hundred years (Rutherfurd,

personal communication) has undoubtedly had a

detrimental effect on the quality of habitat available

to fish. But in each case, these are conditions common to

both rivers and are unlikely to explain the differences in

the composition of the fish faunas.

The major physicochemical differences between the

two rivers were temperature and conductivity and to

a lesser extent, turbidity. As with many regulated
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rivers throughout the world (Petts, 1984; Berry, 1988;

Finlayson, Gippel & Brizga, 1994; Lusk, 1995; Robin-

son et al., 1998; Clarkson & Childs, 2000), temperature

in the upper section of the Campaspe River immedi-

ately downstream of the dam is affected by hypolim-

netic releases. Temperatures were sometimes 5 �C
cooler in summer in the upper Campaspe than in the

Broken River. Temperature plays a key role in the life

cycles of freshwater fish. Some species are known to

have very specific requirements to initiate maturation

and cue spawning (Jobling, 1995). Despite the paucity

of knowledge for Murray–Darling Basin fishes in

general, many of the species are thought to spawn

after a minimum temperature is reached (Koehn &

O’Connor, 1990; Humphries et al., 1999). This thresh-

old temperature can vary from as low as 9 �C for late

winter spawning galaxiids, to as high as 23 �C for

golden perch (Lake, 1967a; Humphries, 1989; Koehn &

O’Connor, 1990). Nevertheless, the range of tempera-

tures recorded during the present study in both the

Campaspe and Broken rivers should have satisfied the

requirements of most species that did or could occur

in that region of the Murray–Darling Basin. What is

uncertain, however, is how long these temperatures

would need to be maintained to allow fish to spawn

successfully. It is more likely that the opportunity for

spawning may have been of shorter duration in the

Campaspe than in the Broken, rather than preventing

spawning all together.

Conductivity in the Campaspe was almost always

greater than in the Broken River. Saline water derived

from tributaries and from groundwater are a recog-

nised feature of the Campaspe River nowadays with

occasional recordings of salinities in excess of

10 000 lS cm–1 at the bottom of pools in the extreme

lower part of the river (McGuckin, 1990). Salinity is

not recognised as a significant problem in the Broken

River, although concerns of an increase over time has

been expressed recently (MDBMC, 1993). Conductiv-

ity increased from the upper section to the lower

section of the Campaspe and generally peaked during

low flows in summer. However, although we recor-

ded a maximum conductivity of 2730 lS cm–1 in the

lower section, this is well within the tolerances of

adults of all species of native fish that have been

tested (Koehn & O’Connor, 1990) and it is unlikely

that the levels found by McGuckin (1990) would have

been widespread enough to influence fish diversity in

the river below Lake Eppalock.

Turbidity was generally higher in the Broken than

the Campaspe River. Water clarity has been shown to

influence the ability of fish to forage (Benfield &

Minello, 1996) and so it may be that fish larvae in the

Campaspe are more susceptible to predation by

invertebrate and vertebrate predators than are their

counterparts in the Broken. On the other hand, greater

water clarity may increase foraging success of larvae

in the Campaspe, because larvae are known to be

visual feeders (see Bone et al., 1995). It is unlikely,

however, that the differences in turbidity could

explain the huge differences in species composition

between the two rivers. It might be expected that

differences in predation intensity between rivers

could possibly affect relative abundances of species,

but it is extremely unlikely to have eliminated species

altogether.

A major difference between the Campaspe and

Broken rivers is the flow regime. Both rivers are

regulated to some degree, but whereas about 50% of

mean annual flow from the Campaspe is diverted for

offstream use, the figure for the Broken is around 10%

(Smith & Humphries, 1997). The impact of regulation

is most marked in the section of the river immediately

downstream of Lake Eppalock, which experiences

sustained seasonal flow reversal. Unlike flows in the

more dynamic Broken River, flows in the Campaspe

respond minimally to rainfall events that occur

predominantly in the upper catchment. The fact that

the Campaspe and Broken rivers share so many

features, yet differ in the level of flow alteration,

suggests that this last factor may be a major contri-

butor to the differences in the larval and adult fish

faunas. River regulation is known to adversely affect

fish faunas, either through enhancing conditions for

exotic species (Moyle & Williams, 1990; Walker, 1992),

altering food webs (Power, Dietrich & Finlay, 1996; de

Merona & Albert, 1999), hindering movement for

migrating species and fragmentation of populations

(see Petts, 1984; Gehrke, Astles & Harris, 1999),

preventing spawning (Tomasson, Cambray & Jackson,

1984; Cambray et al., 1997; King et al., 1998) or

reducing or eliminating recruitment (Robinson et al.,

1998; Liebig et al., 1999; Merigoux & Ponton, 1999;

de Merona & Albert, 1999). In the case of the

Campaspe River, it is possible that the altered flow

regime when first initiated did not prevent fish from

spawning, but affected recruitment and that this poor

recruitment has persisted for sufficient time to reduce
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or entirely eliminate some species (Humphries &

Lake, 2000). The only species to flourish under the

highly regulated conditions are the opportunistic

native species, flathead gudgeon and Australian smelt

and two very tolerant introduced species, common

carp and European perch.

Temporal and spatial variation in composition

and abundance in the Campaspe River

Flathead gudgeon dominated the larval fish fauna of

the Campaspe River irrespective of method, habitat or

breeding season. Despite this, there were differences

in faunal composition among sections. For example,

carp gudgeons were not recorded from the upper

section of the river. Carp gudgeons are known to be

more often associated with floodplain habitats and

rivers with extensive floodplains than fast flowing,

cool rivers, typified by the regulated upper section of

the Campaspe (Larson & Hoese, 1996) and seem to be

affected adversely by river regulation (Gehrke, 1997).

The lower section of the Campaspe is less constrained

and behaves more like a floodplain river and so may

be more conducive to supporting carp gudgeons than

the upper section.

In three of the four seasons, Australian smelt and

flathead gudgeon larvae were collected for more

months in the lower section than in the upper section

of the Campaspe. In addition, the abundance of larvae

of these two species was consistently less in the upper

than the lower section of the Campaspe. This may

indicate that the lower section is more conducive for

the spawning and/or the maintenance of larvae of

these two species. The lower section in late summer

and autumn is characterised by very low flow, within

a shallow, narrow, meandering channel, with numer-

ous backwaters and still littoral areas. The upper

section at this time, on the other hand, experiences its

highest flows for the irrigation period, is relatively fast

flowing, a mix of shallow and deeper areas, is rarely

less than 10 m wide and is more channelised, with

fewer backwater and other still habitats (Humphries,

personal observation). The larvae of many riverine

species prefer habitats that are still or have slow

currents (Brown & Coon, 1994; Copp, 1997; Baras &

Nindaba, 1999; Ponton, Merigoux & Copp, 2000)

and indeed high flows can increase larval mortality

(Harvey, 1987; Robinson et al., 1998). Furthermore,

low flows are conducive to the development of rich

microbenthos and zooplankton faunas (Pace, Findlay

& Lints, 1992; Thorp et al., 1994; Robertson, 1995; Basu

& Pick, 1996), which are important as food for the

young stages of fish (Rundle & Hildrew, 1992). Thus,

the conditions encountered by fish in the lower

section of the Campaspe River would appear to be

preferable to those in the upper section, especially

when irrigation water is being released.

Timing of occurrence of total larvae and flathead

gudgeon larvae varied significantly among years and

appeared to be related to the amount of rainfall and

consequently the magnitude and duration of high

winter and spring flows. Significantly fewer larvae

were collected in the first half of the breeding season

of 1996–97, when flows were very high between July

and November, than in the following seasons which

were characterised by almost complete failure of

winter and spring rains. The consistency among river

sections was striking. Whilst the timing of occurrence

differed, overall abundances of flathead gudgeon

larvae were similar across all years. The differences

in timing of occurrence of larvae among breeding

seasons could be explained by a delay in spawning of

fish until conditions were more suitable either for

spawning itself or for survival of larvae. A degree of

flexibility in spawning time is common in riverine

fishes (Cambray, 1991; Cambray et al., 1997; King

et al., 1998) and indeed, spawning peaked for four

native species in the Colorado River on the descend-

ing arm of spring runoff, after a period of high flow

(Robinson et al., 1998). Alternatively, absolute abun-

dance of larvae in the high flow season in the

Campaspe River may have been much greater than

in the other years, but the high flow conditions may

have effectively diluted the abundance. Whilst none of

our sampling methods is completely free from the

potential influences of dilution, it is unlikely that this is

the valid explanation however, as high, but not

flooding, flows reduce the available habitat for larvae

dramatically. This is especially apparent in the upper

section of the Campaspe River, where there are fewer

side channels and still littoral habitats than elsewhere

in the river (Humphries, personal observation). High

flow conditions may result in a concentration of larvae

in the few habitats which were available. Although

displacement of larvae during extended periods of

high flows is one possible explanation, this was not

supported by the overall abundance of larvae in drift

samples, which was relatively consistent among years.
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Concluding remarks and priorities

for management

This study has indicated that there are striking

differences between the larval fish faunas of a highly

regulated river and a nearby mildly regulated river,

despite most other potential influencing factors

being similar for both. The environmental variable

that seems to be fundamentally different between

the two rivers is the degree of flow regulation. If

flow regulation is responsible, it has probably

reduced or eliminated recruitment of most native

species and only allowed opportunistic native spe-

cies and introduced species to survive and, in some

cases, thrive. This degraded system now supports

only a small number of species and therefore the

ability to make comparisons among sections of river

with different levels of regulation is limited. Never-

theless, there are some indications that the most

regulated upper section supports fewer species and

lower abundances of larvae than do the less regu-

lated sections. We speculate that this is because of

the poor habitat available for rearing of larvae in the

upper section.

Rehabilitation of the Campaspe River and its fish

fauna is no easy task. However, some management

priorities should be considered. Providing more nat-

ural flows at times which are critical for rearing of

young stages of fish is an obvious objective. In some

cases it may be necessary to reduce the level of

summer irrigation flows to prevent the possibility of

‘wash-out’ of larvae from nursery habitats and for the

development of high densities of small prey. Restor-

ation of the natural extended high winter/early

spring flows would also be desirable to provide

optimal feeding and growth conditions for adult fish

in the lead up to spawning. These high flows may also

serve to improve conditions in habitats such as pools,

where accumulation of organic material over a period

of time can lead to anoxia if stratification occurs.

Other management issues, not directly related to flow

regulation, which should be considered are: restoring

movement throughout the entire river allowing a

corridor to connect a source of colonisers from the

Murray River with the whole of the Campaspe River;

addressing the increasing salinity problem and

attempting to deal with the large numbers of intro-

duced fish, especially common carp.

The study presented here represents one of the first

steps in a larger study which aims to rehabilitate the

Campaspe River through providing more natural

flows, but which also takes into account extractive

needs as well. The need for studies of appropriate time

scales is vital if we are to understand the ecological

dynamics of medium to large river systems. It requires

substantial commitment on the part of scientists, water

managers and funding agencies, but is the only way

that we will progress toward improvement.
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